Polyethylene encapsulation is a waste treatment technology developed at Brookhaven National Laboratory using thermoplastic polymers to safely and effectively solidifj hazardous, radioactive and mixed wastes for disposal. Over 13 years of development and demonstration with surrogate wastes as well as actual waste streams on both bench and full scale have shown this to be a viabie and robust technology with wide application. Process development efforts have previously focused on the use of virgin polymer feedstocks. In order to potentially improve process economics and serve to lessen the municipal waste burden, recycled polymers were investigated for use as encapsulating agents. Recycled plastics included low-density polyethylene, linear low-densip olyethylene, high-density polyethylene and polypropylene, and were used as a direct substitute for or blended together with virgin resin. Impacts on processing and final waste form performance were examined.
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Polymer encapsulation is a waste treatment technology developed at BNL using thermoplastic polymers to safely and effectively solidi~hazardous, low-level radioactive and lowIevel mixed wastes for disposal.
Mixed wastes include both hazardous and radioactive contaminants. Solidification of wastes through polymer encapsulation permits the disposal of these wastes in accordance with Land Disposal Requirements as promulgated by the U.S. Environmental Protection Agency (US EPA). Over 13 years of development and demonstration with surrogate wastes as well as actual waste streams on both bench and full scale have shown polymer encapsulation to be a viable and robust technology with wide application. Traditionally, processing has been accomplished through the use of extrusion although recent advances with an alternative thermoplastic processing method, kinetic mixing, as investigated during this effort, has served to augment the usefulness of polymer encapsulation.
Attention during process development has focused on the use of virgin polymer feedstocks, primarily injection-molding grade low-density polyethylene (LDPE).
Polymers are generally inert, permit high waste loadings compared with conventional cementitious encapsulation, and durable providing excellent waste form characteristics such as low leachability and good compressive and tensile strength, an important consideration for hydrophilic wastes. During this investigation, recycled polymers were studied for use as encapsulating agents in order to potentially improve process economics, provide a valuable new market for nonbiodegradable plastics, reduce the usage of valuable petroleum resources and lessen the municipal waste burden. The recycled plastics tested were all post-consumer or post-industrial and included low-density polyethylene (LDPE), linear low-density polyethylene (LLDPE), high-density polyethylene (HDPE) and polypropylene (PP). Recycled plastics were used as a direct substitute for virgin resin or in a selected proportion with virgin resin based on expected processing characteristics. Impacts on processing parameters and final waste form performance were examined.
BACKGROUND

Polymer Encapsulation Process Description
The polymer encapsulation process uses thermoplastics to stabilize waste materials within a polymer matrix. This is accomplished by heating the thermoplastic above its melting point, then mixing the molten polymer with the waste. Solidification of the encapsulated matrix is assured upon cooling and is independent of the chemical nature of the waste materials. Thermoplastics, in general, are polymers that once heated above their melting point, can be shaped and formed while in a viscous state, then harden upon cooling. This process can be performed repeatedly. Polyethylene, with a melting point of approximately 1200 C, has been the predominant polymer used during encapsulation process development studies due to its low cost, processing ease and excellent durability.
Mechanically mixing waste materials with a viscous polymer and processing the mixture can be accomplished by the use of extrusion or kinetic mixing. Through the use of continuous extrusion, a versatile, industry-tested process, dry waste and polymer, e.g., polyethylene, are continuously fed to the extruder feedthroat by individual dynamic, feeders. Precise control can be maintained by the feeders to accurately meter the polymer and waste material to the extruder and to maintain a constant waste loading. Within the extruder, a variable speed screw mixes the molten polyethylene with the waste material, builds pressure, and pumps the homogeneous mixture through an output die. Posttreatment of the product from the extruder is not necessary and the extrudate can be collected directly in a waste container. Natural cooling of the extruder product results in a solid monolithic waste form suitable for disposal. The processing temperature is controlled through independent temperature zones and can be tailored to achieve a particular temperature profile for different polymers. For example, low-density polyethylene (LDPE) with a melting point of approximate y 1150 C is processed at approximately 115-170 'C whereas high-density polyethylene (HDPE) with a higher melting point of approximately 1350 C would require a corresponding y higher temperature profile in the extruder.
The application of thermoplastic encapsulation to a wide range of different waste types is due to the inert nature of the plastics so chemical incompatibilities between the waste and encapsulating agent are not an issue, as is the case for waste stabilization technologies such as cementation. For extrusion, the only process limitations are the moisture content and particle size of the wastes. Moisture in excess of approximately 29'o must be removed prior to processing. This is because extruders are not designed for devolatilization. The particle size distribution of the waste must not contain an excess of fines with a particle size less than approximately 50 pm since it is difficult to coat/''wet" and mix the fine particles with the viscous melt. The upper particle size limit is approximately 2000~m but is dependent on the size of the extruder. A particle size distribution with an excess of large particles will have a deleterious impact on waste form leachability. Kinetic mixing as an alternative processing method is currently being investigated, as part of this co-funded effort, since it promises to improve upon these limitations.
Kinetic mixing is a batch polymer processing technique that uses high shear and rapid rotational motion to create frictional heat sufficient to volatilize moisture and melt thermoplastics. Polymer and waste are fed to the mixer feed throat batch-wise, rapidly brought to melt temperature, and mixed, then discharged as a homogeneous molten mass. The product may be suitable for final disposal or secondary treatment or handling, e.g., extrusion or compression molding, may be necessary. As with extrusion processing, solidification of the product is assured on cooling. The robust agitation and mixing action potentially makes kinetic processors less sensitive to particle size limitations. Due to the design of the mixer, moisture can be evolved prior to melting the polymers as frictional heat is used to overcome the latent heat of vaporization. Since the polymer does not begin to melt until the moisture is vaporized, gases do not tend to become entrained in the molten product. Cycle time is dependent upon the feed composition, batch size and moisture content.. Abrasive materials and increasing the batch size will decrease cycle time due to improved friction. Increasing the moisture content will, as expected, increase the cycle time since frictional heat will be used to evolve the moisture. This technology is an ideal candidate for substituting various polymers such as recycled plastics because the feed materials can be altered on a batch-to-batchbasis with minimal modification to the operating procedure. The operating temperature of the mixer is not pre-set so materials will melt and mix following sufficient kinetic energy generation.
For example, substituting a thermoplastic with a higher melting point will simply require a slightly longer cycle time.
Feasibility testing with waste surrogates and recycled plastics was conducted using a pilotscale kinetic mixer rated at approxirnately 450 kg/hr ( 1000 lb/hr). The mixer was manufactured by LEX Technologies, Brampton, Ontario, Canada and was supplied by EcoLEX, Inc of Jacksonville, FL. It has a 10 L batch mixing chamber, helical screw feed section, 7 cm rotating shaft with 4 mixing paddles, water cooled bearings, and pneumatically controlled inlet slide gate and discharge door. The shaft, powered by a 150 HP electric motor, rotates at a constant revolution resulting in a paddle tip speed of approximately 40 m/see. Operation is controlled by a programmable logic controller (PLC), enabling the operator to coordinate feeding, charging, mixing and discharging of the materials.
Charge and discharge fimctions can be automated based on motor load sensing (ammeter), a temperature probe signal, or pre-determined time intervals.
Alternatively, these functions can be manually controlled by the operator. Recycled plastics were initially incorporated into development testing of the kinetic mixer under select conditions to potentially enhance processing. Once the processing capabilities of the kinetic mixer had been defined using virgin low-density polyethylene, clearly defined feasibility tests were performed to determine recycled plastic processibility and waste form performance. Typically, five to ten replicate batches were processed under each test condition. Samples were fabricated from' the kinetic mixer product including grab samples, compressive strength samples and leach testing samples.
Grab samples were removed from each product sample to measure product density, homogeneity and consistency for multiple batches processed with the same test conditions. Waste form performance was evaluated by measuring compressive strength and the leaching of contaminants from the waste form. 
Polymer Characterization
During development of polymer encapsulation at BNL, the polymer type was investigated would provide an optimum compromise between processibility, melt flow characteristics. durability, and maximum waste loading-potential.[ 1,2] Th~potential w~ste loading drives the process , economics since higher waste loadings result in fewer waste packages for storage, shipment and disposal and require less polymer for waste solidification. Polyethylene was selected since it is a simple polyolefin with relatively lC)Wcost in comparison to other polymer feedstocks, met all necessary performance requirements, was available in many different types, e.g., high, low and linear low-density, and was amenable to simple processing. Within each type of polyethylene, a broad range of melt flow properties, dependent on the molecular characteristics such as degree of crystallinity, degree of chain branching, molecular weight and molecular weight distribution, were also available.
In polymer microencapsulation, waste particles are physically encased in a polymer matrix in which individual waste particles ,are surrounded or coated by a layer of polymer. To achieve optimum waste encapsulation, a high melt flow and low melt viscosity is desired so that the molten polymer can mix with the waste and effectively coat the individual waste particles. Process development testing determined that injection molding grade low-density polyethylene resins worked well in this application. These resins typically have a melt index (MI) of 20 (g/l O rein) or higher. A high melt index corresponds to a high melt flow. The melt index is given in the units of grams per 10 minutes and refers to the quantity of molten polymer that will pass through a small capillary under a specified load during a measured time interval. Since the melt index is a theological measurement of the polymer viscosity at one shear stress, it does not provide a prediction of the exact properties under processing conditions where shear stress is continually changing. However, a high melt index for polyethylene will generally work well for encapsulation processing.
As part of this effort, an investigate study was performed evaluating the polymer requirements for waste encapsulation and to identifj potential sources of recycled plastics for use as waste encapsulating agents. A copy of this report, prepared by Dr. N. Merriam as a consultant to BNL, is included as Attachment A. Using the identified sources, a number of different postindustrial recycled plastics were procured. These plastics included LDPE, LLDPE, HDPE and PP, and are summarized in Table 2 .1. The melt indices for some of these plastics was provided by the supplier and are included in the table. To characterize all the recycled plastics and predict the potential processing characteristics of the recycled plastics, the melt index was measured experimentally using a CSI MF12 Melt Indexer (Melt Plastometer) in accordance with ASTM D1 238. [3] In this standard, the equipment requirements for the capillary length and output die diameter are specified along with the applied load and operating temperatures for different plastics. Polyethylene, for example, has 7 different test conditions, of which, the most common is an applied load of 2.16 kg and an operating temperature of 190°C. The experimentally measured melt indices of the recycled plastics obtained for this work and the virgin plastics are summarized in Table 2 .2. The melt indices were measured at the specified test condition of 190 'C with a 2.16 kg load and at a higher temperature of 200 'C with a 2.16 kg load even though this is not a specified test condition.
At the higher temperature, the measured values more accurately reproduced the values provided by the suppliers. The difference in values may be due to a slight buildup of polymer in the capillary tube or die. The test conditions used by the suppliers were not provided. For the recycled LDPE from JAM Plastics, the measured melt index was not close to the value provided by the supplier. For all other cases, the variation between the supplied values and the measured values was not deemed significant since the melt index was used only as a rough estimate for anticipated melt flow characteristics while processing. 
Waste Surrogate Characterization
Polymer encapsulation with virgin plastics has been well demonstrated. The objective of this effort was to determine the impact of using recycled plastics as waste encapsulating agents. To accomplish this, two different waste surrogates were used as simulants of actual wastes. Surrogates were used instead of actual waste streams to minimize generation of secondary hazardous and radioactive wastes. The waste surro~gates included a dried salt mixture, identified as RFP surrogate, and soil, identified as 13NL soil. "1ne salt mixture represents an evaporator concentrate, a solution containing 35% dissolved solids thFt is in storage and generated at different sites across the DOE complex. The salt surrogate used during this investigation was based on the chemical composition of salt wastes at the DOE Rocky Flats Plant @FP). Table 2 .3 summarizes the chemical composition of the salt surrogate. The surrogate was previously prepared at BNL as a solution, then dried and .;--v-2,>ma~The fim-t;nla Mve A~mtw;L,,t~mmf+hca AA-A RED c,m-wnr-r.tn x,..:cuI hnt..,aati '7<(3 .-A '72Q()
pm. The soil surrogate represents contaminated soil also found throughout the DOE complex as well -. .. as at 15NL. The Soii was remOVed from the B-N-Lsite and sieved to iess than approximate y i~mm to remove rocks and organic debris. 
RECYCLE POLYMER PROCESSING
Kinetic mixing was investigated as a processing method for thermoplastic encapsulation of waste. This technique shows promise because of its robust design that permits processing of wastes with expanded particle size distributions and high moisture contents, e.g., up to 40°/0. Virgin lowdensity polyethylene was used as the polymer binder during kinetic mixer development work in order to limit the total number of variable processing parameters.
The waste surrogate loading was maintained at a constant 50 weight percent and the batch size was set at either 1 or 2 kg. Once the mixer capabilities had been established, feasibility tests were conducted with recycled plastics to evaluate their impact on processing.
The recycled plastics were substituted for or used in conjunction with virgin polymers.
In previous kinetic mixer process trials, the effect of varying melt index polymers was investigated. In comparing virgin low-density polyethylenes with melt indices of 8,22 and 50 g/1 O min., polyethylene with a melt index of 22 provided the best results. These results differ from the optimal melt index for extrusion processing in which low-density polyethylene with a melt index of 50 performed best. Polyethylene with an 8MI (melt index of 8 g/1 Orein) has a relatively high melt viscosity and resulted in a significant amount ofunencapsulated material discharged with each batch from the kinetic mixer. Polyethylene with a 50 MI, which works exceptionally well with extrusion processing due to the constant temperature profile, required precise control over batch cycle time. This polymertended to overheat causing a significant decrease in melt viscosity and an unacceptable sticky product consistency. Processing of the 22MI polyethylene was easier to control and resulted in a homogeneous, well-mixed product.
Initial screening tests with recycled plastics were conducted with a pelletized mixture of recycled LDPE/LLDPE that was procured during FY96 from Mobil Chemical in Jacksonville, IL by R. Fitzpatrick, NYS Department of Economic Development. This plastic is not included in Table  2 .1 since testing with this plastic was preliminary and was performed prior to establishing the kinetic mixer capabilities during FY97. In addition, only a small quantity was received. Testing included mixing this recycled polyethylene in a 2 kg batch with RFP salt surrogate at a waste loading of 50 wtO/O. The results were not successful with most of the salt surrogate discharged from the mixer unencapsulated.
These results provided the first indication as to the importance of the melt flow properties of the recycled plastics when used as encapsulant.
The poor encapsulation results were due to the low melt flow of the recycled plastic mixture. The melt viscosity was likely too high under the experienced temperature and shear conditions to permit thorough mixing with the salt surrogate.
Processing under these conditions with virgin low-density polyethylene produces successful results with a well mixecl, homogeneous molten product. To compensate for the low melt flow of the recycled LDPE/LLDPE, a mixture with 50'XO recycled LDPE/LLDPE and 50'% virgin LDPE (50 MI) was processed under the same conditions, i.e., 50 W% RFP surrogate loading. The results were significantly improved resulting in a good product, although a small amount of Sait particles were observed on the surface of the product. The amount of exposed salt was not quantified at this time but this occurrence had also been observed with virgin plastics and is attributable to the function and operation of the mixer.
Moisture removal experiments to determine the maximum moisture content that can be processed by the kinetic mixer were conducted with virgin LDPE and the RFP surrogate. Moisture contents up to 40°/0 were processed although above 35% leakage of liquids from the mixing chamber discharge door occurred. This pro"blem could be remedied by the use a flexible sealing surface or gasket. The cycle times necessary to evolve these high moisture contents were long and not practical from a processing standpoint. Cycle times for dry batches were typically 15-40 seconds and as long as 5-6 minutes for batches with 40°i) moisture. These cycle times were later determined to be highly dependent on the condition and length of the mixing blades. Longer blades cause significantly more shear and a correspondingly higher frictional heat generation rate. The mixing blades were modified near the end of this investigation resulting in much shorter cycle times for all batches. At this time, in order to reduce cycle times for batches containing high moisture contents, 10 and 20°/0 quantities of recycled PP/HDPE (post-consumer beverage bottles) were added to the mixtures of virgin LDPE and RFP surrogate. This recycled plastic, from Pure Tech, is primarily composed of PP from bottle labels and caps with a lesser amount of HDPE from bottle base cups. The shredded PP caps were abrasive and were added to aid frictional heat generation. The addition of either 10 or 20°/0 recycle to batches containing both 20 and 40?40moisture improved the overall processibility of the wet wastes by decreasing cycle time and did not appear to reduce the effectiveness of the encapsulation. The product from batches containing 10% recycle PP/HDPE appeared homogeneous. The average density of grab samples measured 1.18 g/cm3 with a percent error of 2.18, indicating consistency over the five replicate runs. At 20°/0 recycle PP/HDPE, the cycles were more difficult to control probably due to the varied polymer composition which consisted of LDPE, PP and HDPE, each with different melting points. For 20% recycle PP/HDPE, the grab sample density average was 1.12 g/ems with a percent error of 7.23°/0. This larger percent error shows the greater variation in product consistency over five replicate rum.
Feasibility tests to determine processibility of the different recycled plastics were conducted using both the BNL soil surrogate and RFP salt surrogate at a loading of 50 weight percent and 2 kg batch size, i.e., each batch contained 1 kg polymer and 1 kg surrogate. For all testing, the surrogates were d~with no added moisture. In most cases recycled plastics were blended together with virgin polyethylene in varying ratios depending on the projected melt flow and processing characteristics. Process testing results for each recycled plastic are summarized below.
Recycle LDPE (JAM Plastics)
This plastic consisted of white flakes with a reported melt index of 20, as indicated by the supplier. The commercial or industrial source of this polymer was not known to the supplier. As mentioned in section 2.2 Polymer Type Characterization, trial measurement of the melt index for this plastic indicated values of 3-3.5 g/1 Omin., depending on the test condition. This discrepancy may be due to the use of differing test parameters.
Processing with this recycled polymer was successful whether used as a direct substitute or in 60 or 80°/0proportion with virgin LDPE. Product appearance in replicate batches and cycle times were consistent and repeatable. The error in grab sample density measurements between replicate batches was also consistent except for a high of 6.08% for 80'?40R-LDPE with the BNL soil surrogate. Since processing at this and all others conditions was observed to be acceptable, the higher percent error is not deemed significant. The average cycle times were longer for the batches containing BNL soil as the waste surrogate because the total batch size during these tests was only 1 kg. This was the only exception to using a 2 kg batch size during feasibility testing. Smaller batch sizes tend to have longer cycle times due to the smaller total mass and lower friction caused by particle to particle contact. Overall, this polymer works well alone as an encapsulant or combined with virgin polyethylene. Testing conditions for this recycle are summarized in Table 3 .1. Recvcle HDPE (Clearzon IM8, Clearvue Polvmers) Clearzon IM8 recycled HDPE polymer is a black, reprocessed and pelletized blend of packaging materials. The melt index given by the supplier is 6-8 g/1 O min which was verified experimentally. Process testing with Clearzon IM8 HDPE was conducted using both the BNL soil and RFP salt waste surrogates. Ratios of Clearzon IM8 HDPE/ virgin LDPE were 60, 80 and 100°/0 for the soil and 20,40 and 60% for the RFP surrogate. For all soil runs, the virgin polyethylene used had a melt index of 22. Feasibility testing with RFP surrogate, which was performed following the soil runs, was conducted using virgin polyethylene with a melt index of 50. The virgin pol yethylene was changed to a higher melt flow in an attempt to compensate for the low melt flow of most of the recycled plastics tested.
The testing conditions and :product density results for Clearzon IM8 HDPE are shown in Table 3 .2. For each waste surrogate, the grab sample densities were repeatable and consistent. The low percent error indicated excellent batch-to-batch consistency and product homogeneity.
In all cases, the processibility was acceptable except for the 100°/0 recycled HDPE batch with soil. In this case, the batch-to-batch consistency was poor and noticeable amounts of waste surrogate were dispersed while processing or were observed on the product surface upon cycle completion and product discharge. This phenomenon was observed but to a lesser extent with other compositions. In summary, based on processing results Clearzon IM8 HDPE can be used for waste encapsulation when added as part of a mixture (s 60-80 w-WO) with virgin LDPE. Forrester Environmental Services recycled HDPE was a finely shredded, multi-colored mixture of high-density polyethylene generated during wire chopping operations. The melt index was neither measured nor provided by the supplier.
Feasibility testing was limited to two compositions consisting of 20 and 40°/0 recycle with 50MI virgin LDPE and the RFP surrogate. Waste surrogate processing in the kinetic mixing with this recycle was successful. The testing conditions and product density results for Forrester recycled HDPE are shown in Table 3 .3. The grab sample densities were repeatable and consistent and the low percent error indicated excellent batchto-batch consistency for the 20°/0 composition and good batch-to-batch consistency for the 40°/0 composition. The average cycle time was considerably less for the batches containing 40°/0 recycle. Just prior to this feasibility test, the mixing blades in the kinetic mixer were modified to increase blade length The blades were built up by electric arc welding and hard-faced with Stellite. This permitted a narrower clearance between the blade tip and the chamber wall resulting in much greater shear. Cycle times noticeably decreased but product homogeneity appeared to remain the same. Overall, from a processing standpoint, Forrester recycled HDPE worked well and had excellent processibility when added in ratios with virgin LDPE up to 40Y0.
. Recycled HDPE (Clearzon CP Clearvue Polymers)
Clearzon CP recycled HDPE is a multi-colored, pelletized blend of post-consumer detergent and cleaner bottles. The melt index given by the supplier was 0.55. This was considered too low for application to waste encapsulation but 20% of this plastic was blended with 80% virgin LDPE (50MI) to determine potential processing feasibility when used in small amounts. The processing -conditions included a 50 WtO/O loadhg of RFP surrogate and 2 kg batch size. Testing results for this recycled polymer are shown in Table 3 .4. The cycle time averaged 54 seconds over 5 batch ' replicates. However, it was difficult to discern precise flux times, presumably because the recycled HDPE had a higher melting point than the virgin LDPE so when sufficient frictional energy was generated to melt and reduce the melt viscosity of the recycled HDPE, the virgin LDPE was overheating and becoming sticky. Despite the processing difficulty, the product density averaged 1.14 g/cm3 with a 0.97 percent error demonstrating excellent product homogeneity and batch-tobatch consistency.
In summary, Clearzon CP recycled HDPE produced acceptable waste from products although some processing difficulty was encountered. 
Recvcled LLDPE (Resource Plastic@
Resource Plastics recycled LLDPE is a post-industrial, red and green, pelletized mixture of linear low-density polyethylene. The melt index for this recycle was not provided by the supplier. Feasibility testing with this recycle was conducted under one set of process conditions which included a 20°/0 proportion blended with virgin LDPE (50MI), 50 WtO/O loading of RFP surrogate and 2 kg batch size. Testing results for Resource Plastics recycled LLDPE are shown in Table 3 .5. Processing was successful with consistent cycle times which averaged 40 seconds over 5 replicates. Product density was 1.15 g/cm3 with a 0,84 percent error indicating excellent product homogeneity and batch-to-batch consistency. Although not performed within the scope of this effort, higher proportions of this recycled plastic should be readily processible. Recvcled PP/HDPE (Pure Tech)
Pure Tech recycled PP/HDPE consisted of a multicolored mixture of PP and HDPE with a small fraction (<10/0) of polyethylene terephthalate) (PET) from post-consumer beverage bottle reclaim. Expectations for this recycled plastic were low for use as an encapsulating polymer because of its diverse composition consisting of different types of PP from both labels and caps, HDPE from base cups and the small fraction of PET. Each of these polymers in addition to the virgin LDPE have a slightly different melting temperature thereby increasing the processing complexity. This recycle was tested previously with successful results during moisture removal capacity testing of the mixer in an effort to reduce lengthy cycle times by aiding in frictional heat generation. In this feasibility test conducted at one set of processing conditions, a 20% proportion of recycle was added to 50 MI virgin LDPE in a 2 kg batch containing 50 WtO/O RFP surrogate. Table 3 .6 summarizes testing conditions and processing results. Processing was successful with cycle times that averaged 13 seconds based on 5 replicates. The short cycle times were a direct result of the mixing blade modification, completed just prior to this feasibility test. Cycles were easily controlled because of the short time necessary to melt and mix the materials in the mixer. The product density average was 1.19 g/ems with a 4.57?40error. Visual observations of the product homogeneity indicated some variation between replicate batches. In summary, Pure Tech recycled PP/HDPE was an acceptable feedstock when combined with 80V0 virgin LDPE. Slightly higher quantities of this recycle may also be acceptable. 
PRODUCT CHARACTERIZATION AND PERFORMANCE
Evaluating the overall effectiveness of recycled polymers for waste encapsulation involves ascertaining the processibility (discussed in Section 3) and the product performance.
To establish the product or waste form ,perforrnance, mechanical integrity testing and leach testing were performed.
These factors are important in determining whether a waste form meets minimum criteria for safe disposal and provide long-term containment of the hazardous or radioactive components. Additional waste form testing can be conducted such as immersion testing to simulate aqueous environments, biological stability, radiation stability and thermal cycling but were beyond the scope of this study. Previous studies [1, 2, 4, 5, 6, 7, 8] have shown polyethylene to excel as a waste encapsulant so the scope of testing was limited to mechanical integrity and leachability in order to establish a product performance foundation.
Waste Form Mechanical Integrity
Compressive strength testing was performed in order to quanti~the mechanical integrity of the recycled plastic waste forms. Right cylindrical specimens with nominal 5.1 cm (2 in) by 10.2 cm (4 in) dimensions were fabricated during processibility testing using brass molds. While the specimens were cooling, a slight load was applied to ensure flat surfaces on the top and bottom. Testing was conducted in accordance with ASTM D695, "Standard Test Method for Compressive properties of Rigid Plastics" using an Instron 5582 Materials Tester.
[9] Each sample was compressed uniaxially at a constant loading rate of 1.0 + 0.5 mrn/min until sample failure by either plastic deformation or ductile fracture. The results obtained included a plot of stress versus strain, percent deformation and maximum compressive strength. For specimens at a given polymer and waste composition, three replicate samples were tested to veri~statistical significance. Although there is no minimum waste form compressive strength required for disposal of DOE hazardous and radioactive wastes, the Nuclear Regulatory Commission (NRC) recommends a minimum 4.14 MPa (60 psi) for licensable polymer solidification processes.
Compressive strength testing was conducted on recycled plastic waste forms containing 50 weight percent RFP surrogate. Testing results include a plot of stress versus strain, maximum compressive strength, percent deformation and failure mechanism. The percent deformation is calculated as the percent difference between initial sample height less final sample height divided by initial sample height. At lower waste loadings, the failure mechanism is typically due to plastic deformation due to the total volume of plastic in the final waste form. However, as the loading is increased, the ductile limit of the composite may be exceeded resulting in a sample failure by fracture. The measured compressive strength and percent deformation, based on 3 replicates, at failure of nominal 5.1 cm (2 in) by 10.2 cm (4 in) right cylindrical specimens which were formulated during processibility testing are summarized in Table 4 .1. All samples were above the recommended NRC minimum guideline of 4.14 MPa (60psi) for compressive strength. The failure mechanism for all samples was ductile fracture with the percent deformation at failure varying from a high of 45-50 for samples comprised of LDPE and approximately 15-25 for samples containing HDPE. 
Waste Form Leachability
Leach testing was conducted on recycled plastic waste forms to measure and compare , product performance. Waste form test samples were fabricated during feasibility testing as 2.5 cm (1 in) diameter by 2.5 cm (1 in) high right cylinders. Testing was performed in accordance with the Accelerated Leach Test, ASTM C 1308, a method developed at BNL for waste form leachability projections.
[10] The test protocol specifies 13 leachate changes over an eleven day period. If the leach data fits a diffusion controlled model, a prediction may be made of leach rates over longer times for larger waste forms. Five waste form samples at different polymer combinations with RFP surrogate and one baseline were tested at ambient temperature. Each series tested included three replicates. One additional test was performed at an elevated temperature of 50 "C. The concentration of sodium, chemically similar to cesium, a common radionuclide contaminant, was measured in each Ieachate solution using a Varian Inductively Coupled Plasma (ICP) Spectrometer. The results obtained included the incremental and cumulative fraction leached (IFL and CFL) of Na, the diffusion coefficient, and the gc)odness-of-flt to the diffusion model. Based on the diffusion model, the cumulative fraction leached from full-scale waste forms over 300 years was calculated.
. Over an 11 day period, the fraction of sodium (Na) leached from the samples was measured and calculated as the incremental or cumulative fraction leached. Sodium was used to measure leachability because it has similar leach behavior to cesium, an isotope commonly present in typical low-level radioactive waste, due to the same chemical periodicity. The initial quantity of sodium was known based on the composition of the RFP surrogate which was encapsulated in each waste form sample at a 50 weight percent loading. Table 4 .2 summarizes the data (average of 3 replicates) for cumulative fraction leached of sodium for the three recycled polymer compositions and a run at an elevated temperature of 50 "C compared with a baseline run of virgin LDPE. All data indicated a diffusion controlled leach mechansim, as is usually the case for polymer waste forms, so a diffusion model was generated. Table 4 .2 contains the diffusion coefficients and the error in the diffision model. An error value of less than 1YOcorresponds to an excellent model fit.
A plot of the data, CFL versus time, which represents an average of three replicate runs, is shown in Figure 4 .1. It can be seen that each curve follows the same trend regardless of the composition. An additional replicate was conducted of the 60?40R-LDPE (JAM), 40'XO virgin LDPE at an elevated temperature of500 C in order accelerate the leach rate. Higher temperatures should accelerate leaching because contaminant volubility is temperature dependent and will increase accordingly. The leach rate was slightly but not significantly higher at the elevated temperature. Included in Figure 4 .1 are the plus and minus two sigma error bars for the baseline runs with 100'?40 virgin LDPE. This represents the statistical 95 percent confidence interval for the baseline run. All data, regardless of the composition, is found to fall within this range. The cumulative fraction leached did not exceed 0.08 or 8% of the initial source term of sodium in the samples over the entire leach test. The lowest leaching was observed with 100'?40 recycled LDPE (JAM), actually performing better than the virgin LDPE. The mixture of 60% R-LDPE (JAM)/40Y0 virgin-LDPE had nearly identical leaching to the baseline of 100°/0virgin-LDPE. The greatest leaching was from the elevated temperature run and the batches comprised of 20% R-HDPE (Clearzon 1M8)/80% virgin-LDPE. In general, leach rates were low and all samples fabricated from recycled plastics performed as well or better in leaching tests than those fabricated from virgin polymers. .
Using the diffusion coefficients calculated by the ALT computer software, the leach rates were extrapolated to calculate the CFL for full-scale waste forms over a period of 300 years. This time frame was selected because it represents a period of 10 half-lives for the most long-lived isotope (Cs-137) commonly found in low-level radioactive waste, after which time the activity has deca~ed'to negligible levels. A full-scale waste form was assumed to be of a 55-gallon drum. 
CONCLUSIONS
Feasibility tests were conducted to investigate the use of recycled plastics as waste encapsulating agents. BNL has developed a thermoplastic encapsulation technology to solidih azardous, radioactive and mixed wastes for disposal. This technology has been well demonstrated using extrusion as the processing method and virgin low-density polyethylene as the waste binder. In conjunction with this effort, co-funding was provided by the DOE Mixed Waste Focus Area (EM50) to investigate the use of kinetic mixing as an alternative processing method due to potential process improvements such as higher permissible waste moisture contents and a broader particle size distribution. Following initial testing to assess the capabilities of the kinetic mixer, recycled plastics were substituted for or used in conjunction with virgin polyethylene. Recycled plastics included LDPE, 3 types of HDPE, LLDPE and a mixture of PP and HDPE. The effectiveness of the recycled plastics in this application was judged based on both processing and waste form performance considerations.
The selection of the appropriate compositional percentage of recycled plastic to be used in substitution for virgin LDPE was based upon the melt index. The melt index for most of the plastics was provided by the supplier and was also measured experimentally. A relatively high melt index is required so that the melt viscosity of the polymer permits thorough mixing with the waste particles. In this process, virgin LDPE with a melt index of 22 was determined to provide the best compromise for processibility and encapsulation effectiveness. As expected, the recycled LDPE from JAM Plastics with a melt index of 20 g/1 Omin. had excellent processibility and waste form petiorrnance. This recycle was substituted completely for the virgin LDPE as well as used in 60 and , 80'% proportions.
Each composition produced favorable results.
Compressive strength and leachability results were equivalent to those achieved with virgin LDPE.
This recycle is recommended for use in waste encapsulation processing.
The recycle with the next highest melt index was HDPE from Clearvue Polymers, identified as Clearzon IM8. This recycle, with a 6-8 melt index, was tested as a 20, 40, 60, 80 and 100°/0 substitute for virgin LDPE. Processing results were favorable up to a maximum of 60°/0. Above this the melt viscosity was too high for proper mixing with the waste surrogates. Compressive strength testing at 20, 40 and 60'% proportion and leach testing at 20'?40 produced acceptable performance results, comparable with those of virgin LDPE.
The other recycled plastics were blended with virgin LDPE at ratios s40Y0 due to their low melt indices. At blends containing 20% recycled polymer and 80°/0 virgin LDPE, HDPE from Clearvue Polymers (Clearzon CP), LLDPE from Resource Plastics, HDPE from Forrester Environmental Services and PP/HDPE from Pure Tech each produced successful processing results. Recycled HDPE from Forrester also worked well at blends s40'Yo Mechanical integrity of these formulations were all equivalent with virgin LDPE and well above the Nuclear Regulatory Commission recommended 4.14 MPa (60 psi). No leach testing was performed with these formulations but results are expect~d to be similar to other tested samples.
In summary, recycle plastics maybe successfidly used to substitute for virgin polymers as feedstock in polymer microencapsulation applications. The optimum composition for inclusion of recycled plastics is dependent on the melt index which, in turn, determines the melt flow characteristics.
In this study, one recycle stream of LDPE with a 22 melt index performed well as a direct sustitute for virgin LDPE from both a processing and waste form performance standpoint. Numerous other recycled polymers worked well when blended with virgin LDPE. Since polymer encapsulation has wide application to the large volume of hazardous, radioactive and mixed wastes requiring treatment by solidification, even recycled plastics substituted in smaller proportions such as 20 or 40°/0 have merit and a large potential market.
